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Alternating current susceptibility and direct current magnetization have been studied for poly-
crystalline Ca1−xMnxO. On increasing the Mn content, magnetic ordering changes from spin-glass
behavior for 0.25 6 x 6 0.4 to antiferromagnetic order. The paramagnetic/antiferromagnetic tran-
sition is of second order for 0.5 6 x 6 0.65 and of first order for x > 0.7. For low Mn concentrations,
the high-temperature alternating current susceptibility can be described by a diluted Heisenberg
magnet model developed for diluted magnetic semiconductors.
PACS numbers: 75.30.Kz, 75.50.Ee, 75.50.Lk, 81.30.Dz
Theoretical predictions of room temperature ferromag-
netism in Mn-containing diluted magnetic semiconduc-
tors [1] recently brought wide attention to this class
of materials. According to these calculations, p-type
Zn1−xMnxO is a promising candidate for a room temper-
ature ferromagnet. Pulsed-laser deposited Zn1−xMnxO
thin films without intentional carrier doping show spin-
glass behavior.[2] According to this latter study, Mn can
be dissolved in the ZnO matrix to over 35%. We have
shown in a previous paper that the solubility of Mn in the
zinc-blende structure of ZnO is less than 15% for poly-
crystalline samples under various oxygen pressure con-
ditions. Samples obtained in air or argon are paramag-
netic, while the high-pressure oxygen annealing induces
spin-glass-like behavior by precipitation of ZnMnO3 in
the paramagnetic matrix.[3]
In this study we investigate polycrystalline
Ca1−xMnxO (x = 0.125 − 1). Both end-member
compounds, CaO and MnO, adopt the rock-salt
structure and the complete range of solid solution
can be achieved. This makes it possible to study a
continuous evolution of magnetic properties from dia-
magnetic insulating/semiconducting CaO (energy gap
Eg = 7.09 eV)[4] to antiferromagnetic insulating MnO
(TN ≃ 120 K, Eg = 4 eV), whose antiferromagnetic
properties were already observed seventy years ago.[5]
Due to similarity of the ionic radii (0.8 A˚ for Mn2+ and
0.99 A˚ for Ca2+) Mn2+ ions should occupy a substi-
tutional site in CaO in contrast to BaO (ionic radius
of Ba2+ is equal to 1.34 A˚), where Mn2+ ions locate
off-center.[6] The CaO-MnO solid solution has been
shown to form in the H2/He atmosphere above 1173 K
from carbonate precursors.[7] Thermodynamic functions
of mixing have been determined at high temperatures
for Ca1−xMnxO.[8] To our knowledge, the magnetic
properties of this solid solution have not yet been
reported. MnO undergoes a first-order transition to the
antiferromagnetic state at TN = 115− 120 K [9, 10] This
transition is accompanied by a trigonal deformation[11]
to a slightly rhombohedral structure, compressed
along the [111] direction.[12] The antiferromagnetic
order, determined by neutron diffraction, is of type-II
(AFII) in the fcc lattice and consists of (111) sheets of
ferromagnetically ordered Mn2+ ions, which are antifer-
romagnetically coupled to the neighboring sheets along
the [111] direction.[13] Magnetic properties of MnO have
been explained in terms of two superexchange constants
J1 = 10 K and J2 = 11 K for the nearest-neighbor
(NN) and next-nearest-neighbor (NNN) interactions,
respectively.[14] Recent local-density approximation
(LDA) calculations[15] suggest relatively stronger NNN
interactions J1 = 9.8 K and J2 = 24.5 K. The small
uniaxial stress along the [111] axis of the MnO crystal
results in the clearly first-order transition and the
increasing TN .[12] This result has been ascribed to
the strain-related suppression of T domains (which
correspond to antiferromagnetic stacking along the
four [111] directions within the crystal). Due to the
presence of these T domains the first-order character
of the antiferromagnetic/paramagnetic transition may
be obscured. Recent heat capacity studies showed a
continuous magnetic transition in small, stress-free,
MnO crystals.[16] The application of large [111] stress
(1.2 < τ 6 5.5 kbar) leads to a continuous transition,
again. [17] Solid solution Mn1−xNixO shows a lin-
ear increase of TN upon increasing Ni concentration
with preservation of the AFII structure.[18] Both end
members of this series, MnO and NiO (TN ≃ 525 K)
show the same type of rhombohedral crystallographic
distortions.[13]
The mixture of CaCO3 and MnO2 was calcined in air
several times at T = 900, 1000, 1100◦C with intermediate
grindings. The final synthesis stage was performed in a
hydrogen atmosphere at T = 1050◦C. The alternating
current (ac) susceptibility and direct current (dc) mag-
netization were measured using a Physical Property Mea-
surement System (Quantum Design). The ac susceptibil-
ity was measured in the range 2.5-395 K, in the excitation
fieldHac = 14 Oe at the frequency ω = 1 kHz. The “zero-
field-cooled” (MZFC) and “field-cooled” (MFC) magne-
tizations were measured in a magnetic field of 1 kOe.
MZFC was measured on warming after cooling in a zero
magnetic field and switching the magnetic field on at
T = 5 K. MFC was subsequently measured on cooling
in the magnetic field.
X-ray diffraction spectra have been collected using a
Rigaku X-ray diffractometer. The sharp X-ray diffrac-
tion patterns, presented in Fig. 1 for several samples, in-
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FIG. 1: X-ray diffraction patterns for several Ca1−xMnxO
samples. Inset: lattice parameter, a, of the rock-salt structure
of Ca1−xMnxO. The solid line is a linear fit to the data. Solid
squares are literature values for CaO and MnO.
dicate good quality, homogeneous material. The single-
phase rock-salt-type structure is revealed for all the
Ca1−xMnxO samples. Inset to Fig. 1 shows the lat-
tice parameter, a, determined from the X-ray diffrac-
tion patterns using the GSAS refinement software. The
lattice parameter, a, is linearly dependent on the Mn
content x with a very good accuracy. The linear fit
to the experimental data gives a dependence a(x) =
4.812(1) − 0.369(2)x (A˚). For CaO, the extrapolated a
is equal to 4.812(1) A˚, which is in agreement with the
literature value a = 4.81 A˚.[19] For our MnO sample,
a = 4.443(3) A˚ is very close to the literature value
a = 4.442− 4.446 A˚.[20] A very good agreement between
the measured lattice parameters and the linear depen-
dence for all Mn concentrations suggests that the actual
compositions and the nominal ones are the same.
Three different kinds of magnetic transitions observed
for Ca1−xMnxO are illustrated in Fig. 2. For x =
0.25 − 0.4, the spin-glass behavior is observed at low
temperatures. A difference between the “zero-field-
cooled” (MZFC) and “field-cooled” (MFC) magnetiza-
tions, which is characteristic of spin-glass behavior, is
shown in Fig. 2(a) for x = 0.4. The presence of the ther-
moremanent (Mtrm) magnetization at low temperatures
supports this observation. The inset to Fig. 2(a) shows a
cusp in the ac susceptibility. The temperature, at which
the cusp is maximum defines the spin-glass freezing tem-
perature, Tf . Similar cusp was observed for the x = 0.333
sample and a kink on the ac susceptibility for x = 0.25.
The same type of spin-glass behavior has been previously
observed for Mn-containing diluted magnetic semicon-
ductors (e.g. Zn1−xMnxSe [21] and Cd1−xMnxTe [22]),
where a cusp was observed for high Mn concentrations
and a kink for low Mn concentrations.
For x = 0.5− 0.65, MZFC and MFC curves trace each
other and no thermoremanent magnetization is observed.
This behavior, presented in Fig. 2(b) indicates a con-
tinuous (second-order) paramagnetic/antiferromagnetic
transition. For higher Mn concentrations, x > 0.7 in-
cluding MnO, the paramagnetic/antiferromagnetic tran-
sition is accompanied by a hysteresis, clearly observed
both in the ac susceptibility and dc magnetization (see:
Fig. 2(c)). This hysteresis is a sign of the discontinuous
first-order transition.
The observed magnetic transition temperatures are
collected in Fig. 3. The x = 0.125 sample is param-
agnetic down to T = 2.5 K. The x = 0.25− 0.4 samples
show spin-glass behavior at increasing temperatures with
increasing Mn content. The antiferromagnetic transition
temperatures for x > 0.5 are defined as the temperatures
for which the temperature dependence of the ac suscepti-
bility has the maximum slope, i.e. slightly below the ob-
served maximum of χ(T ). For the first-order transitions,
(x > 0.7), we used the transition temperatures, which
were determined on warming (MZFC). The transition
temperatures in all the Mn concentration regions seem
to continuously change with x, but no common scaling
has been determined. The spin-glass behavior at low Mn
concentrations is quantitatively similar to the behavior
of wurtzite and zinc-blende diluted magnetic semicon-
ductors. The temperature dependence of the ac suscep-
tibility for x > 0.5 is almost identical with that of the dc
magnetization. The width of the thermal hysteresis ∆T
in the ac susceptibility at the antiferromagnetic transi-
tion, which is shown in the inset to Fig. 3 starts increas-
ing with Mn concentration for x ≈ 2/3. This indicates a
crossover between the second-order and first-order nature
of the transition.
The high-temperature ac susceptibility of Ca1−xMnxO
generally shows Curie-Weiss behavior. Within the
framework of the diluted Heisenberg antiferromagnet
theory,[23] the high-temperature ac mass susceptibility
can be described by the formula
χ =
CM (x)
µ(x)(T −Θ(x))
, (1)
where χ is the ac susceptibility after subtraction of the
diamagnetic contribution of the host material CaO (equal
to −0.27 · 10−6 emu/g) and CM (x) is the molar Curie
constant defined as
CM (x) = x
N(gµB)
2S(S + 1)µ(x)
3kBρ(x)
, (2)
N is the number of cations per unit volume, S is the
effective spin of Mn2+ ion, g = 2 is the gyromagnetic
factor, µ(x) is the molar mass, ρ(x) is the mass density,
Θ(x) = Θ0 · x is the Curie-Weiss temperature
Θ0(x) = −
2
3
xS(S + 1)
∑
P
JP zP /kB ≡ Θ0x, (3)
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FIG. 2: “Zero-field-cooled” (MZFC), “field-cooled” (MFC), and thermoremanent (Mtrm) magnetizations for several
Ca1−xMnxO samples. The inset shows the cusp in ac susceptibility. No thermoremanent magnetization was observed for
Ca0.4Mn0.6O or MnO.
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FIG. 3: Magnetic phase diagram of Ca1−xMnxO. SG denotes
spin-glass behavior. Two antiferromagnetic phases to which
the transition is of first or second order are denoted as “AF
1st order” and “AF 2nd order”, respectively. The solid line is
a guide to the eye. The inset shows the width of the thermal
hysteresis in the ac susceptibility at the AF transition.
where JP is the exchange integral for a pair of P th Mn
neighbors and zP is the number of neighbors of P th order.
In the diluted magnetic regime the dominating interac-
tions are between the nearest neighbors. Hence, we may
limit the expansion in Eq. (3) to the first order. The Θ0
constant is then related to the exchange integral between
the nearest Mn neighbors J1,
2J1
kB
=
3Θ0
zS(S + 1)
, (4)
where z = 12 is the number of nearest neighbors in the
rock-salt structure of Ca1−xMnxO.
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FIG. 4: Inverse ac susceptibility for Ca1−xMnxO samples.
The solid lines are linear fits of to the data in the range 200-
300 K. The dashed line is a linear fit for x = 1 (i.e. MnO) in
the range 300-390 K.
The inverse ac susceptibility for several Ca1−xMnxO
samples is shown in Fig. 4. For low Mn concentrations,
x 6 0.333, the inverse ac susceptibility is linear with tem-
perature in a wide range T = 50−390 K. Deviations from
linearity (characteristic to diluted antiferromagnets and
related to the interactions between next nearest neigh-
boring Mn2+ ions[23]) are observed at lower tempera-
tures. For higher Mn concentrations, the slope of the in-
verse susceptibility changes with temperature. We have
analyzed the linear fits to the χ−1(T ) data in three tem-
perature ranges: 100-200 K, 200-300 K, and 300-390 K.
The data points in Fig. 5 represent the parameters de-
termined from the fit of Eq. (1) to the inverse suscep-
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FIG. 5: Molar Curie constant CM (x) (solid circles) and Curie-
Weiss temperatures Θ(x) (open circles) for Ca1−xMnxO sam-
ples. The solid lines are linear fits to the first three data
points.
tibility data in the temperature range 200-300 K. The
values determined from the fits in the other two temper-
ature regions are plotted as error bars. For a given x,
the fit in the lower temperature range (100-200 K) gives
higher absolute Θ(x) and larger CM (x) than the fit in
the higher temperature range (300-390 K).
For diluted Heisenberg antiferromagnets it is expected
that the material parameters CM (x) and Θ(x) are pro-
portional to x. We have made linear fits to the first
three data points (i.e. 0.125 6 x 6 0.333, assuming that
CM (x = 0) = 0 and Θ(x = 0) = 0). From these fits,
we have obtained the extrapolated values CM (x = 1) =
4.53(4) emu K/mol and Θ0 = −303(11) K. The value of
CM is close to those determined for Mn-containing II-VI
diluted magnetic semiconductors.[23] From Eq. (2), cal-
culated S = 2.55(5), which is in perfect agreement with
the effective spin of Mn2+ ion S = 5/2. The extrap-
olated Θ0 is lower (in the sense of the absolute value)
than the values found for diluted magnetic semiconduc-
tors (Θ0 = −470 to −831 K).[23] We observe significant
deviations from the linear behavior of Θ(x) for x > 0.5,
where the antiferromagnetic order can be observed and
the diluted magnet model is no longer valid. It is worth
noting that for higher Mn concentrations the Curie-Weiss
temperatures become comparable to or higher than our
experimental temperature range, which increases the er-
ror of the determined values. However, we suggest that
these deviations of Θ(x) from the linear behavior can be
explained by the increasing contribution of NNN inter-
actions between highly concentrated Mn2+ ions.
By including the NNN interactions we obtain the fol-
lowing modification of Eq. (3)
z
2J1
kB
+ z2
2J2
kB
=
3Θ(x)
S(S + 1)
, (5)
where z2 = 6 is the number of next-nearest neighbors.
For MnO, for example, Θ = −536 K. By using 2J1/kB =
−8.7(3) K calculated from the extrapolated Θ0 = −303 K
according to Eq. (4), we obtain 2J2/kB ≈ −13.2 K for
MnO, which gives us a qualitative agreement with the
LDA calculations[15], namely J2 > J1. However, the
actual values of our exchange constants are significantly
smaller than those found in the literature (see: references
to Ref. [15]). Note that M. E. Lines and E. D. Jones[14]
used an analogical formula to our Eq. (5) but without
the factor 2. From their Θ = −540 K, this gave as a
result (2J2 + J1)/kB = 30.9 K, which is twice as higher
as our value.
In summary, we have determined the magnetic phase
diagram of Mn- doped polycrystalline CaO samples.
On increasing the Mn content, magnetic ordering
changes from the spin-glass behavior for 0.25 6 x 6
0.4 to the antiferromagnetic order. The paramag-
netic/antiferromagnetic transition is second order for
0.5 6 x 6 0.65 and first order for x > 0.7. For low
Mn contents, the ac susceptibility can be described by a
diluted Heisenberg magnet model developed for diluted
magnetic semiconductors.
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